We report recent progress in determination of geothermal gradients and heat flow in the State of Tocantins, Central Brazil. This region lying between the Amazonas and Sao Francisco cratons has been affected by metamorphic folding events (Brasilia and Araguaia) during Proterozoic times. This area is also characterized by moderate micro-seismic seismic activity. Results of recent investigations have revealed the presence of several areas where geothermal gradients and heat flow have values higher than normal, which is considered atypical of stable tectonic settings. In southern parts of the State of Tocantins heat flow values are higher than 80 mW/m 2 . Extrapolations based on near surface heat flow data point to crustal temperatures in excess of 200°C at depths less than 5 km. However, there are no evidences of magmatic intrusions at shallow intra-crustal depths. In the absence of other geologic source mechanisms and tectonic events the process responsible for high heat flow has been postulated to be enhanced heat transport by carbonic gas flow in the upper crust. This possible alternative is supported by observations of carbonic gas flow at sites of thermal springs within the study area and also in geothermal areas in the neighboring state of Goiás. Model simulations of deep crustal geotherms indicate that temperatures may approach levels of partial fusion at the crust mantle boundary.
Introduction
The State of Tocantins is situated in Central Brazil, in the region bounded by the structural provinces of Parnaiba, Tocantins and Sao Francisco (Almeida et al., 1977) . These provinces are of Neoproterozoic age and arose from the collision of the Amazonas and Sao Francisco cratons (Heilbron et al., 2017) . However, there are indications of recent tectonic activity, with emplacement of basic alkaline magmatic rocks of Neo-Cretaceous and Eocene ages (Almeida, 1986; Brod et al., 2005) .
Recent studies led to identification of geophysical features associated with the alkaline intrusions (Marangoni et al., 2015; Azevedo, 2017; Hu et al., 2018; Tozer et al., 2017; Assumpção et al., 2017 ) also pointed out possible carbonic fluid flow in the upper crustal layers (Coelho e Moura, 2006; Padilha et al., 2013; Abdallah, 2016) . Flow of fluids with dissolved carbon dioxide is considered responsible for occurrences of graphite veins in highly fractured terrains in the northern parts of Goiás and in the both the northern and southern parts of Tocantins (Giuliani et al., 1993; Luque et al., 1998; Arora et al., 1999; Solon et al., 2018) . The origin of carbonic fluids is uncertain, but the possibility that pyrolysis of thermo-controlled sediments saturated with hydrocarbons was suggested. According to Sulem and Famin (2009) , release of CO2 from carbonate rocks by thermal decomposition led to weakening of fault zones and is consequently responsible of seismic activity. Such conditions are also believed to favor the widespread occurrence of thermal springs. Results of recent geothermal studies (Vieira e Hamza, 2012; Vieira et al., 2014; Vieira, 2015) confirmed the potential for occurrence of geothermal resources in the area.
Another notable feature is the presence of moderate seismic activity (Berrocal et al., 1984; Fernandes et al., 1991; Assumpção e Sacek., 2013; Assumpção et al., 2004; 2017) . In spite of the presence of such neotectonic activity very few attempts have been made to determine geothermal characteristics of this region. In the present work, we report progress obtained in the evaluation of crustal temperature gradients and heat flow in the State of Tocantins, in Central Brazil.
Geological and Geophysical Settings
The connections between cratonic units in the study area were established along tectonic suture zones, known as Brasilia and Araguaia fold belts, which form a network of interfering orogens in the northern and western parts. The main tectonic units include the Rio dos Mangues, the Almas- Cavalcante and the Goiano domains. The latter is dominant in the southern and southwestern parts (Hasui et al., 2012) . The eastern parts are covered by phanerozoic sediments overlying the cratonic basement rocks (Góes, 1995) . The locations of these units are shown in the simplified geologic map of Figure  1 .
The main geologic features of the orogens were stitched together during the West Gondwana assembly about 630-520 Ma ago (Brito Neves et al., 2014; Frasca, 2015; Schmitt et al., 2018) . The regional tectonics is marked by Quaternary fault systems, namely Estrondo (BR12) and Porangatu (BR19), as proposed for (Saadi et al, 2002) , and lineaments (Araguaia-. Tocantins and Transbrazilian). The BR12 Fault is part of Araguaia-Tocantins Lineament 
Materials and Methods
Geothermal data acquired at 140 sites of the State of Tocantins and neighboring areas were analyzed in the present work. Manual measuring devices were used for field during the decades prior to 1990. Since 2000, digital data acquisition systems were employed for field measurements. During the early stages much of the subsurface temperature were measured using thermistor sensors calibrated against standard Platinum resistance thermometers. The locations of wells where temperature measurements were carried out are indicated in Figure 2 .
Several different methods were used for determining temperature gradients, depending on the nature of techniques employed in acquisition of primary field data. These may be classified as incremental temperature logs (ITL), stable bottom temperature (SBT), bottom-hole temperature (BHT) and geochemical (GCL) methods. Hamza and Muñoz (1996) , Gomes and Hamza (2005) and Vieira and Hamza (2012) have provided detailed descriptions of theory and use of these methods.
In the present work, ITL method was employed in determination of gradients (Г) in fourteen wells, which presented near linear distributions of temperatures. Its calculation is determined by the linear adjustment of the temperature measurements (Ti) at discrete depth intervals (Zi) when the disturbance does not occur or is negligible.
In cases of non-linear distributions of temperatures, with indications of perturbations induced by groundwater flows, the deepest temperature was considered as the least perturbed. This method designated as SBT (stable bottom temperature) was used in evaluating gradient values in twenty-three wells.
The bottom-hole temperature method (BHT) was employed for data acquired in 9 deep wells drilled for oil exploration by PETROBRAS. The temperature data employed in BHT method has been corrected using a procedure similar to that suggested by the AAPG (1976) .
In addition, geochemical data acquired by Geological Survey of Brazil (CPRM/SBG, 2006) in ninety-four groundwater wells were employed for determining reservoir temperatures based on silica geothermometry techniques (Fournier and Truesdell, 1973; Fournier, 1989; Swanberg e Morgan, 1978 and . Recently, the methodology used in reservoir temperature estimates from concentrations of dissolved silica (SiO2) was reassessed by Alexandrino and Hamza (2018) . Examples of temperature log data and procedures employed in determination of temperature gradients are illustrated in Figure 3 for wells in Santa Maria and Cristalandia. In Santa Maria well, temperatures recorded at depths greater than 120m have been employed for determining geothermal gradients. It has been linearly extrapolated to shallower depths corresponding to the values of mean annual surface temperature, as derived from local meteorological records, provided by the National Institute of Meteorology (INMET). The data for Cristalandia well was interpreted on the basis of the SBT method. Non-linear distributions of temperatures were observed in some boreholes, which were interpreted as arising from perturbations induced by groundwater flows. Figure 4 illustrates examples of the use of BHT data acquired in oil wells (left panel) and the geochemical method (GCL) based on the silica content in groundwater wells (right panel). Details of the GCL method has been discussed in detail by Swanberg and Morgan (1978) and more recently by Alexandrino and Hamza, 2018) .
Figure 3 -Vertical distribution of temperatures in wells Santa Maria (left panel) and Cristalandia (right panel). Dots indicate log data. In the left panel the line indicates least square fit in ITL method for data in the interval 140 to 210 m; the line in the right panel refer to distribution of temperatures as per the SBT method.

Figure 4 -Vertical distribution of temperatures in the wells Imperatriz (left panel) and Paraíso (right panel), by BHT (left panel) and GCL (right panel) methods, respectively (see text).
Thermal conductivity data refer to results of measurements carried out on core samples from six wells, values derived from geophysical well log data acquired in ten wells as well as estimated values based on chemical analysis of representative outcrops. During the decades of 1980 and 1990 measurements were carried out using the divided bar and line source apparatus. This changed with the acquisition of a commercially available plane source device. Calibrations of measurements were carried out using standard discs of fused silica and crystalline quartz and sub-standards of suitably selected rock samples. In the case of layered media, thermal conductivity values were calculated as weighted mean of the product of thicknesses and thermal conductivities of the main lithologic units. An example of this procedure is illustrated in Figure 5 .
Heat flow values were calculated as the product of geothermal gradient (Γ) and mean thermal conductivity (λ) of the rock types in the selected interval. The values of mean and standard deviation (σ) of heat flow (q) was estimated using the relations:
= Γ λ ± σ + σ Γ (1) 
Results
We present in the following details of the results obtained for geothermal gradients, thermal conductivity and heat flow in the study area.
Summary of Geothermal Gradients
Mean values geothermal gradients obtained with the different methods for the areal segments of the geologic units are provided in Table 1 .
Values, falling in the range of 30 to 60°C/km were found in the south central and north central parts of the Tocantins province. The main outcrops in these areas belong to the Almas -Cavalcante, Goiano and Rio dos Mangues domains, notable for the presence of island arc features. In the remaining areas where the dominant outcrops are the Araguaia fold belt and sedimentary sequences of phanerozoic age. Lowest values of gradients of less than 20°C/km were encountered in the Jalapão area (at San Francisco Province), located in the northeastern parts, adjacent to the Sao Francisco craton. 
Thermal Conductivity
Thermal conductivity values of the main rock types within the geologic units are provided in Table 2 . Sandstones were found to have values ranging from 2.8 to 4.7 W/m/K. This is also true of the sedimentary sequences encountered in the Jalapão area, located in the northeastern parts adjacent to the Sao Francisco craton. Lowest values were encountered for near surface samples of soil, clay, sand and silt. Samples of schists from the Almas -Cavalcante and Rio dos Mangues domains were found to have values in the range of 2.7 to 3.9 W/m/K
Heat Flow
Mean values of heat flow obtained by the different methods for the areal segments of the geologic units are listed in Table 3 . Values, falling in this range 90 to 120 mW/m2 were found in the south central and north central parts of the Tocantins province. The main outcrops in these areas belong to the Almas -Cavalcante, Goiano and Rio dos Mangues geologic domains, notable for the presence of extinct island arc features.
Heat flow values fall in the range 70 to 100 mW/m 2 , in areas of outcrops of Almas Cavalcante and Goiano Domain. Heat flow is in excess of 45 mW/m 2 areas of the Araguaia fold belt and in sedimentary sequences of Phanerozoic age. Low values of heat flow (< 45 mW/m 2 ) were encountered in the Jalapao area, located in the northeastern parts adjacent to the Sao Francisco craton. Figure 6 illustrate the regional distribution of temperature gradients. Also shown in this figure are the outlines of local geologic provinces, basins and cratonic units (see legend in the inset on the top left corner). Note that gradients are >30 o C/km in the southern and north-central parts of the study area. These two high gradient regions appear to be separated by an eastwest trending belt. Figure 7 illustrates the regional distribution of heat flow in the study area. Heat flow is higher than 70mW/m 2 in the southern and northcentral parts. These two high heat flow regions appear to be separated by an east-west trending belt. This pattern is similar to that observed for geothermal gradients illustrated in Figure 6 .
Distributions of geothermal gradients and heat flow
Also illustrated in this figure are the locations of epicenters of seismic activity, reported in studies of Assumpção et al (2004) . These are indicated by black circles, the diameters of which are proportional to the magnitudes of seismic events, as 
Crustal Geotherms
One dimensional thermal calculation was carried out under a purely conductive, steady state thermal regime. Following the standard practice, the parameter values were assumed constant, except for the radioactive heat generation which was assumed to decrease exponentially with depth in the upper crust. Such models have been discussed extensively in the literature (Carslaw and Jaeger, 1959; Singh e Jain, 1970; Hamza, 1982; Wang et al., 1996) . In the case of a medium with thermal conductivity (λ) and internal heat generation by radioactive decay at the surface (Ao) the temperature T function of depth (z) may be expressed as:
where T0 is the temperature at depth z=0, and D is the logarithmic decrement of heat production with depth (Lachenbruch, 1970) .
Parameter values adopted in the model calculations of the present work are given in Table 4 . The value of D was assumed to be 11 km in the upper crust (Alexandrino, 2008) . The values heat production Ao were calculated with from the abundances of radioactive elements Uranium (U), Thorium (Th) and Potassium (K), making use of the relation (Hamza and Beck, 1972; Rybach, 1976) : " # 10 % &'9,52,-../ 0 2,56, ℎ ../ 0 3,48 6 % 8 (2) Figure 8 shows the calculated geotherms as well as partial meting curves for basalts in the lower crust and peridotites in the upper mantle. Three different melting curves were considered: dry or volatile free peridotite (Hirschmann, 2000) , Peridotite with significant amounts CO2 (Gudfinnsson & Presnall, 2005) ; and hydrated Peridotite (Wyllie, 1978) . Note that temperature curves intersect the fusion curves in the lower crustal levels, in regions where heat flow is in excess of 80 mW/m 2 . Thus, one may expect zones of partial melting in the lower crust in the southern parts of the Tocantins province. 
Conclusions
Results of recent investigations have revealed the presence of several areas in the State of Tocantins where geothermal gradients and heat flow have values higher than normal, which is atypical of stable tectonic settings. In southern parts heat flow values are higher than 80 mW/m 2 . Extrapolations based on near surface heat flow data point to crustal temperatures in excess of 200°C at depths of about 5 km. However, there are no evidences of magmatic intrusions at shallow intra-crustal levels. In the absence of other geothermal source mechanisms and tectonic events the process responsible for high heat flow has been postulated to be enhanced heat transport by carbonic gas flow in the upper crust. This possible alternative is supported by observations of carbonic gas flow at sites of thermal springs within the study area. Presence of gas flow has also been observed in geothermal areas in the neighboring state of Goiás. Model simulations of deep crustal geotherms suggest the possibility that temperatures approach levels of partial fusion at the crust mantle boundary.
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